Abstract. Actinide isotope measurements are a critical signature capability in the modern nuclear forensics Btoolbox^, especially when interrogating anthropogenic constituents in realworld scenarios. Unfortunately, established methodologies, such as traditional total evaporation via thermal ionization mass spectrometry, struggle to confidently measure low abundance isotope ratios (<10 -6 ) within already limited quantities of sample. Herein, we investigate the application of static, mixed array total evaporation techniques as a straightforward means of improving plutonium minor isotope measurements, which have been resistant to enhancement in recent years because of elevated radiologic concerns. Results are presented for small sample (~20 ng) applications involving a well-known plutonium isotope reference material, CRM-126a, and compared with traditional total evaporation methods.
Introduction
T he confident execution of actinide isotope measurements has repeatedly been identified as a critical signature capability in modern nuclear forensics [1] [2] [3] . Thermal ionization mass spectrometry (TIMS) has historically represented the Bgold standardî n performing such measurements and remains in wide use in the forensics, safeguards, and nonproliferation arenas [4, 5] . A growing need to measure ultratrace minor isotope ratios (<10 -6 ), however, has challenged established TIMS methodologies, such as total evaporation (TE) [6] , and led to the pursuit of alternative techniques yielding improved measurement performance. Such improvements are especially needed in the interrogation of small samples containing even more trace portions of anthropogenic isotopes that may be indicative of operator activities.
In the present work, we investigate the application of static, mixed array total evaporation techniques in TIMS as a straightforward means of improving plutonium minor isotope ratio measurements. The proposed approach takes advantage of recent electronics improvements and the ability to simultaneously operate numerous, distinct detector configurations within a single collector housing. Additionally, use of a static approach bypasses signal decay considerations typically associated with peakhopping strategies, such as modified total evaporation (MTE). Results are presented for application to a well-known plutonium isotopic reference material, CRM-126a, and compared with traditional total evaporation. 
Experimental

Sample Preparation
All plutonium isotope measurements were executed using the New Brunswick Laboratory (Argonne, IL, USA) Plutonium Metal Assay and Isotopic Standard CRM 126-a. All measurements were made using triple rhenium filament assemblies prepared with zone refined rhenium ribbon (0.03 in wide) purchased from H Cross Co. (Moonachie, NJ, USA).
Following anion exchange chromatography to remove isobaric interferences, samples (20 ng Pu each) were loaded in 1 M HNO 3 atop the evaporative filament using direct deposition techniques. Loaded samples were dried using gentle heating (~1 A passed through the filament) to immobilize plutonium.
Isotope Measurements
All traditional TE measurements of plutonium were conducted in accordance with the methodologies put forth by Callis and Abernathey [6] . System tuning was first performed with a Re-187 ion beam that was ultimately raised to~100 mV intensity prior to monitoring for Pu masses; a second round of instrument tuning was performed utilizing a 5-10 mV Pu-239 signal. Detector baselines were then measured for 30 s before each analysis, and the Pu-239 ion signal was used as a reference for increasing ion beam intensities. This signal was increased, via sample filament heating, tõ 4.0 V and regulated there until sample exhaustion had occurred. Collected isotope ratios were corrected for instrumental fractionation, based on comparison of obtained 240 Pu/
239
Pu values to the certified value, and abundance sensitivity (abundance values were derived from previous instrument characterization). Additionally, data were decay corrected to 8/4/2015 for unified comparison.
Static, mixed array TE measurements were conducted in two general steps: (1) Determination of a Daly-Faraday detector intercalibration factor, (2) total evaporation analysis using mixed array detection. Again, initial system tuning was performed with a Re-187 ion beam that was ultimately raised to~100 mV intensity prior to a second tuning round utilizing~5 mV Pu-239 ion signal. The DalyFaraday inter-calibration factor was then measured by comparing detector response to the Pu-239 ion signal for the axial Daly and High 1 Faraday; the average gain factor for this work over the period of several days was 0.997 (±3.1%, N = 15). These measurements were conducted as 1 block of 10, two-cycle measurements to obtain both a gain value and an associated, in-run standard deviation, (typically 0.2%-0.6%). Total evaporation efforts were then conducted in similar fashion to that described above, but employing the mixed detection scheme listed in Table 1 . Instrument baselines were measured for 30 s at the beginning of each analysis, and the Pu-239 ion signal was regulated at~4.0 V until sample exhaustion had occurred. Signal intensity was regulated once/s via a feedback loop through the data collection algorithm back to the filament supply to provide beam stability approaching that obtained in the work of Wegener et al. [7] . All data were corrected for fractionation (internal), abundance sensitivity, and decay (referenced to 8/4/2015).
It should be noted that prior to operation, the TIMS instrumentation was warmed for at least 30 min under conditions identical to those to be utilized that day.
Results and Discussion
Comparing Traditional and Mixed Array TE for Plutonium Isotopic Measurements of CRM126a
Replicate isotope measurements were conducted for CRM126a using both the traditional (N = 21) and mixed array (N = 15) total evaporation methods described above. As expected, both techniques yielded major isotope ratio measurements associated with excellent precision and accuracy; deviations were consistently on the order of hundredths of a percent. Significant distinctions, however, were noted for the measurement of minor isotope constituents. As shown in Figure 1 , use of the mixed array approach consistently yielded improved precision and accuracy, relative to traditional TE, for the measurement of plutonium minor isotope constituents. Greatest absolute improvements were noted for measurements of the least abundant minor isotope ratio, 238 Pu/ 239 Pu (=1.183 E-4), which simultaneously used static Daly and Faraday (10 11 Ohm) detection to account for the several orders of magnitude difference in the relative abundance of these isotopes. Substantial benefits were also observed in resulting precision and accuracy associated with the measurement of 241 Pu/ 239 Pu (=8.749 E-4) and 242 Pu/ 239 Pu (=3.848 E-4) isotope ratios by the paired use of 10 12 and 10 11 Ohm equipped Faradays. It is noteworthy that these improvements were achieved strictly through judicious detector selection to align with the relative abundances of the minor isotope constituents present in the Pu material. Hence, once implemented, such techniques offer operationally Bfree^(i.e., no throughput impact or increased loading requirements) enhancement of measurement performance, and greater utility in limited sample scenarios, especially for instruments allowing software-based switching of detector configurations.
Path Forward
Though further efforts are required to refine static, mixed array total evaporation approaches, recent advances in detector technology point to a potentially straightforward strategy for further improving upon plutonium minor isotope measurements; such advances will also be relevant to investigations involving uranium. Incorporation of recently released 10 13 Ohm resistors [8] into the investigated method, for example, would be expected to drive further performance improvements in measuring ppm isotope ratios. This effort would also likely allow for method extension into at least the high ppb ratio measurement realm. Unfortunately, utilization of such resistors was not feasible at the time of this effort.
As an aside, incorporation of the higher Ohmic resistors in mixed array strategies theoretically may also be used for more confident correction of isobaric interferences (e.g., correction of 238 U overlap U measurement) [9] in total evaporation efforts and for greater constraint of chronometric windows associated with Pu-U (e.g., 238 Pu/ 234 U) decay relationships. Benefits from this strategy, however, will likely vary widely depending on material type/history, sample preparation, etc.
Conclusions
The current work briefly investigates the use of static, mixed array total evaporation as a straightforward means of improving the performance associated with plutonium minor isotope ratio measurements of interest in nuclear forensic and safeguards applications. These efforts demonstrated notable enhancements in both precision and accuracy, relative to traditional total evaporation, without requiring elevated sample quantities or prolonged analysis times; measurements were typically completed in 20-30 min. By comparison, increased sample loading (up to 40-fold greater) and decreased throughput (1-2 samples per day) are characteristic of alternative approaches, such as MTE [10, 11] , which were developed in a uranium centric fashion and are much more problematic upon extension to more radioactive plutonium systems. Hence, static, mixed array total evaporation methodologies appear to represent an attractive middle ground in limited sample scenarios, efforts occuring in radiologically restrictive facilities, and/or situations where greater measurement confidence is desired without hindrance to throughput. Further improvements to these methodologies are expected via incorporation of recently refined, 10 13 Ohm equipped detectors and may allow extension of the investigated strategy to the measurement of minor isotope ratios of even lower abundances, as has previously been done for uranium using the MTE approach. 10 Ultimately, such refined methodologies are expected to be of great value to laboratories seeking to meet or further exceed international target values [12] for actinide minor isotope measurements on a routine basis; expanded uncertainties in such data often have significant contributions from measurement repeatability [13] . 
